The Wnt/β-catenin signaling pathway is indispensable for embryonic development, maintenance of adult tissue homeostasis and repair of epithelial injury. Unsurprisingly, aberrations in this pathway occur frequently in many cancers and often result in increased nuclear β-catenin. While mutations in key pathway members, such as β-catenin and adenomatous polyposis coli, are early and frequent occurrences in most colorectal cancers (CRC), mutations in canonical pathway members are rare in pancreatic ductal adenocarcinoma (PDAC). Instead, in the majority of PDACs, indirect mechanisms such as promoter methylation, increased ligand secretion and decreased pathway inhibitor secretion work in concert to promote aberrant cytosolic/nuclear localization of β-catenin. Concomitant with alterations in β-catenin localization, changes in mucin expression and localization have been documented in multiple malignancies. Indeed, numerous studies over the years suggest an intricate and mutually regulatory relationship between mucins (MUCs) and β-catenin. In the current review, we summarize several studies that describe the relationship between mucins and β-catenin in gastrointestinal malignancies, with particular emphasis upon colorectal and pancreatic cancer.
Introduction
The Wnt signaling pathway is an important developmental regulatory pathway and plays critical roles in embryogenesis, including roles in regulating delineation of the body axis and in the formation of the germ layer (1) . The binding of Wnt ligands, a group of secreted lipid-modified proteins, activate both the canonical and non-canonical Wnt-signaling pathways (2) . The canonical Wnt pathway in particular, hinges upon the activity of β-catenin, a molecule important for both cell adhesion and signaling, both functions being indispensable for normal cellular processes.
There are two separate pools of β-catenin-cytosolic and membrane-localized (2) (3) (4) (5) . The membrane-localized fraction participates in cell adhesion, where it forms part of the adherens junction. Here, membrane-localized β-catenin links E-cadherin to the cytoskeleton via α-catenin. The cytosolic fraction is typically degraded through phosphorylation at the N-terminus by a destruction complex. This complex consists of glycogen synthase kinase β (GSK3-β), Axin1 and casein kinase 1 (CK1) (5) . In the presence of a Wnt ligand, which binds to the Frizzled seven-pass transmembrane receptor and a co-receptor, the low density lipoprotein receptor-related protein (LRP), this complex is destroyed via a cascade of reactions triggered by the recruitment of dishevelled segment polarity protein 1 (DVL-1) to the receptor complex. Here, DVL-1 recruits Axin1 and GSK3-β to form part of the Wnt signalosome, thus destabilizing the destruction complex (2) (3) (4) (5) . Next, β-catenin is released from the destruction complex and enters the nucleus through direct contact with the nuclear pore complex (6) . Nuclear β-catenin upregulates a host of tissue-specific target genes, typically partnering with the TCF/LEF family of transcription factors, which usually function as transcriptional repressors in the absence of nuclear β-catenin (2) . Wnt ligands can also activate the non-canonical pathway, which is independent of β-catenin and comprises the planar cell polarity and the Wnt/Ca(2+) pathways (2) .
The β-catenin molecule is remarkably well conserved, as evidenced by the presence of a β-catenin-like molecule in all metazoans. The Drosophila analogue of β-catenin, armadillo, was crucial in the discovery of the signaling function of β-catenin in a screen for mutations that affect segmentation of the embryo (7) . Remarkably, an amoebozoan, Dictyostelium discoideum, expresses a β-catenin analogue Aardvark, which maintains cell-cell junctional polarity in multicellular aggregates that comprise the fruiting bodies of the normally single-celled organism (8) . In the developing embryo, β-catenin is required for mesoderm formation, where the signaling function of the molecule plays a crucial role. The β-catenin molecule is also required for formation of the neuroepithelial structures and the endoderm. However, here the structural, junction-forming function of β-catenin takes precedence over the signaling function (9) . While Wnt/β-catenin signaling is not as active in adult tissue as the embryo, the Wnt/β-catenin pathway is required for the maintenance of tissue homeostasis and cell renewal, in addition to maintenance of the cell-cell junctions (2) .
Given the multifarious nature of β-catenin and far-ranging effects of the perturbations in this critical pathway, Wnt/β-catenin signaling plays an important role in both normal tissue homeostasis and tumorigenesis. This review summarizes the significance of the Wnt/β-catenin signaling pathway in gastrointestinal malignancies, with an emphasis upon PDAC and colorectal cancer (CRC). Also, this review describes the relationship between the Wnt/β-catenin pathway and mucins, which are glycoproteins that play important roles in various malignancies.
The role of Wnt/β-catenin signaling in cancer
The Wnt/β-catenin signaling plays important role in development as well as homeostasis of adult tissue. As expected, mutations in this pathway occur frequently in cancer, most commonly in CRC, where around 80% of the patient population possesses either inactivating mutations in adenomatous polyposis coli (APC) or activating mutations in β-catenin (5). However, aberrant activation of this pathway also occurs in pancreatic cancer (PC), breast cancer, multiple myelomas, melanoma, hepatocellular carcinoma and other malignancies (4, (10) (11) (12) . Both mutations in Axin 1/2 (13) and activating mutations in β-catenin (3) occur in hepatocellular carcinoma. Mutations that prevent the phosphorylation-mediated degradation of β-catenin also occur in medulloblastoma (3) and the pediatric renal cancer Wilm's tumor (14) . Activation of Wnt/β-catenin signaling may also be wrought by epigenetic mechanisms, as observed in CRC and PC, as well as medulloblastoma, where the promoters of Wnt inhibitors were found to be hypermethylated (15, 16) .
Activation of the Wnt/β-catenin pathway can be precipitated either by overt mutations in pathway components or indirect mechanisms, such as increased secretion of ligands or decreased secretion of inhibitors. These two mechanisms of Wnt/β-catenin activation are exemplified by CRC and PC, both gastrointestinal malignancies where the Wnt/β-catenin pathway plays a significant role in disease progression, albeit through distinct mechanisms.
Wnt/β-catenin in CRC
Aberrations in the Wnt/β-catenin pathway frequently occur in CRC. While mutations in several Wnt/β-catenin pathway have been recorded, an overwhelming majority of CRCs (70-80%) possess truncating mutations in APC (17) . Individuals with familial adenomatous polyposis possess truncating mutations in APC, rendering them liable to the formation of hundreds of polyps in their colon, ultimately leading to CRC (1) . The increase in cytosolic/nuclear β-catenin could also be due to mutations in the exon 3 of β-catenin, which render it resistant to degradation, seen in less than 5% of CRCs (17) . Mutations in Transcription factor 7-like 2 (TCF7L2 or TCF4), the nuclear partner of β-catenin, have also been observed in 5% of CRCs (17) . It must be noted, however, that distinct molecular subtypes of CRC exist, and that while mutations in the Wnt/β-catenin pathway are very frequent, not all CRCs are driven by aberrant Wnt/β-catenin signaling.
The majority of CRCs follow what is often referred to as the 'suppressor' pathway (18) . Here, both precursor lesions; 'traditional' adenomas, as well as full-blown tumors are characterized by aberrantly localized β-catenin, typically a consequence of truncated APC mutations (1) . Further, truncating mutations in APC are present in the earliest lesions, aberrant crypt foci, suggestive of a driving role for the Wnt/β-catenin pathway (1) . In addition, around 50% of these tumors have a Kras mutation (19) , which has been shown to aid in nuclear localization of β-catenin (20) . The levels of nuclear β-catenin steadily increase during the progression of CRC, starting from adenomas to full-blown carcinomas (1) . A subset of CRCs are characterized by frequent aberrations in the DNA mismatch repair machinery, often called the 'mutator' pathway (18) . These tumors possess microsatellite instability (MSI) and are less likely to possess Wnt/β-catenin driver mutations (21, 22 ). Yet another subtype, mucinous CRC, comprising roughly 10% of all CRCs (23) has also been observed. These tumors are characterized by excessive mucin production (chiefly MUC2) are also less likely to have aberrations in the Wnt/β-catenin as driving mutations since they also frequently possess MSI-high (MSI-H) status (24) . Each of these CRC subtypes are further stratified by varying frequencies of BRAF, KRAS mutations as well as CIMP (CpG island methylator phenotype) (25) . A detailed analysis of the various subtypes of CRC is, however, beyond the purview of this review.
Wnt/β-catenin in PC
Unlike CRC, where mutations in the Wnt pathway are important driver mutations, PC does not usually display such mutations. Despite this, around 65% of PDACs show aberrant nuclear/ cytosolic localization of β-catenin and active Wnt signaling (26) . A significant fraction of PDAC patients also show elevated Axin2 expression, widely regarded as a universal marker of active Wnt/β-catenin signaling (27) . Further, the Wnt pathway was found to be one of the 12 core signaling pathways most frequently dysregulated in PDAC (28) .
The proposed causes for the increase in Wnt/β-catenin signaling in PDAC include epigenetic regulation of the Wnt pathway components, increased ligand secretion and decreased expression of pathway inhibitors. For example, the promoter of the Wnt-inhibitor SFRP1 was found to be hypermethylated in PDAC (16) . Also, the canonical Wnt ligand, Wnt 7b, was found to be over-expressed in PC (29) . Wnt 7b independently confers a poorer prognosis to patients. Furthermore, oncogenic Kras has been shown to induce expression of the ataxia telangiectasia group D complementing gene (ATDC) (30) (33) . A number of mouse models have also shed light on the role played by Wnt/β-catenin in PDAC progression. The KRAS mutation is considered the driving mutation in PDAC, present in around 90% of patients (31) . Mice that express the Kras G12D mutation, driven by the expression of a pancreas-specific Cre (Pdx or p48), develop precursor lesions (mPanINs) that eventually form PDACs reminiscent of the majority of human lesions (34) . In contrast, mice that express mutant, stabilized β-catenin (exon 3-deleted), driven by a pancreas-specific p48-Cre, develop solid pseudopapillary neoplasms, an extremely uncommon form of the disease (35) . Mice that express both stabilized β-catenin and mutant Kras, driven by p48-Cre (p48-Cre; Cttnb1 exon3/+ ; Kras G12D ), develop tumors that resemble intraductal tubular neoplasms, yet another extremely rare disease (35) . However, activation of canonical Wnt signaling is necessary for the formation of pancreatic intra-epithelial neoplasia (PanINs) and PDAC in the Ptf1a-Cre; Kras G12D (KC) mouse model (36) , albeit at levels substantially lower than observed in CRC, as demonstrated by Zhang et al, who generated a Ptf1a-Cre; Kras
G12D
; β-catenin f/f mouse model. It was observed that the loss of β-catenin prevented the formation of mPanINs (mouse precursor lesions). Notably, β-catenindepleted cells expressed lower levels of mucins in these mice, as determined by Periodic acid-Schiff (PAS) staining.
Thus, while β-catenin alone is unable to initiate pancreatic tumorigenesis, canonical Wnt/β-catenin signaling is required for PDAC progression and contributes to EMT and metastasis. The temporal regulation of Wnt/β-catenin pathway activation appears to be critical considering that β-catenin signaling has been reported to actively suppresses Kras-mediated tumorigenesis by acinar cell regeneration in a mouse model of pancreatitis (37) . Figure 1 pictorially summarizes the mechanism by which the Wnt/β-catenin pathway is dysregulated in both PDAC and CRC.
Mucins and their roles in cancer
Mucins are heavily O-glycosylated proteins that are normally expressed in the epithelial lining of the lungs, and gastrointestinal and reproductive tracts (38) . Mucins can be broadly categorized as follows: (i) membrane-bound/trans-membrane mucins, which include MUC1, MUC3A/MUC3B, MUC4, MUC11, MUC12, MUC13, MUC15, MUC16, MUC17 and MUC21, (ii) secreted (gelforming) mucins, which include MUC2, MUC5AC, MUC5B, MUC6 and MUC19, and (iii) soluble (non-gel-forming) mucins, which include MUC7, MUC8, MUC9 and MUC20 (38) . The normal functions of mucins involve protection of the epithelial surfaces via entrapment of pathogens, which is primarily a function of secreted mucins (39) . The transmembrane mucins can also be involved in cell signaling (39) . Thus, mucins are critical in maintaining cellular functions, particularly those of epithelial surfaces.
While critical in maintaining and protecting the normal epithelium, decades of research have revealed that a number of mucins are aberrantly expressed in cancer. For instance, the transmembrane mucin MUC4, which is normally absent in the pancreas, is aberrantly overexpressed in PDAC (40) . MUC4 has been shown to act as a binding partner for HER2 via its EGF-like domains, thereby playing a role in promoting metastasis, cell proliferation, and invasion (41) (42) (43) (44) (45) . Furthermore, MUC4 can interact with secreted endothelial proteins such as galectin (46) , thus aiding in the invasion and metastasis of PDAC cells. Likewise, mucins MUC1, MUC16 and MUC5AC are also overexpressed in PDAC (39) .
Interestingly, while some mucins are aberrantly overexpressed in cancer, expression of other mucins decreases in certain malignancies. For instance, expression of the secretedmucin MUC2, which comprises most of the secreted mucus layer in the colon, is markedly reduced in most CRCs, with certain notable exceptions, such as mucinous CRCs (47, 48) . The loss of MUC2 is more frequently associated with non-mucinous, non-MSI CRCs and epigenetic factors as well as other regulatory mechanisms have been shown to be responsible for this loss (49, 50) . The role played by MUC4 in CRC is, however, unclear (51, 52) . While some reports suggest that MUC4 is lost as CRC progresses (51), another report indicates that MUC4 expression is enhanced in a subset of patients where it confers a poorer prognosis (52) . No correlation between high MUC4 expression and MSI or mucinous status of CRC has been observed (23) . MUC1 is expressed in both normal and cancerous colons, but its expression increases in CRC and strongly confers with disease progression (53) . As with MUC4, MUC1 expression does not correlate with MSI status (23) . Other mucins, such as MUC5AC, which is not normally expressed in the colon, are also aberrantly overexpressed in CRC (54) . The de novo expression of MUC5AC is more frequently observed in mucinous and MSI-high tumors (55, 56) . Altered mucin glycosylation has also been shown to contribute to metastasis (57) . Thus, despite varying expression levels in disparate malignancies, the importance of mucins in disease progression is evident, either due to loss of protective mucins such as MUC2 in non-mucinous CRCs or the gain of aberrantly glycosylated/ abnormally abundant mucins.
Given their role in promoting cancer progression, mucins have been proposed to be important diagnostic and prognostic markers. Consequently, the mechanisms by which these molecules promote and/or suppress the progression of cancer have been subject of intense investigation. In this regard, a number of studies have focused on the interaction of β-catenin and mucins. Most prominently, the cytoplasmic tail of the transmembrane mucin MUC1 has been shown to interact with β-catenin in various malignancies and aid in the nuclear localization of the molecule (58) . Other mucins, like MUC16 and MUC4, have also been shown to influence the localization and/or stabilization of β-catenin (59, 60) .
While many studies have shown the regulation of β-catenin by mucins, the Wnt/β-catenin pathway has also been shown to regulate mucin expression. In CRC, where the β-catenin pathway is a driving force, β-catenin has been shown to suppress mucin expression. A siRNA targeting β-catenin resulted in the loss of mucin expression, as measured by alcian blue staining, in the CRC cell line LS174T (61) . Activation of β-catenin has been shown to result in the loss of colonocyte differentiation, resulting in a crypt progenitor phenotype in CRC (62) . The loss of mucin expression is among the myriad of changes associated with this de-differentiated phenotype. Mucin-depleted foci, first identified in rats treated with the carcinogen azoxymethane, are pre-cancerous lesions in CRC characterized by both aberrant β-catenin signaling and loss of mucins (63) . Mucin-depleted foci have also been described in human colon tissue samples (64) . Thus, a number of studies have implied that the loss of certain mucins is a consequence of Wnt/β-catenin pathway activation in CRC. The following sections of the review summarize the diverse roles played by mucins and β-catenin in cancer.
The relationship between β-catenin and membranebound mucins in cancer (MUC1, MUC4 and MUC16)
MUC1. The relationship between MUC1 and β-catenin has been extensively studied in various malignancies. The MUC1 cytoplasmic domain (CD) has been shown to possess a serinerich motif (SXXXXXSSL) required for the binding of β-catenin (65), which is used to bind the Armadillo repeat domain of β-catenin, thus preventing the phosphorylation induced degradation of β-catenin by GSK3β. Cleavage of the MUC1 CD has been demonstrated to occur through γ-secretase, thus untethering the cytoplasmic tail from the membrane (66) . In addition, the MUC1 CD possesses a binding site for GSK3β, at the STDRSPYEKV site (67) . Phosphorylation by GSK3β of the serine residue next to the proline at this site inhibits the MUC1-β-catenin interaction and stimulates the formation of the β-catenin-E-cadherin complex at the membrane. The MUC1 CD also possesses a phosphorylation site for the epidermal growth factor receptor (EGFR), which phosphorylates the tyrosine residue in the YEKV motif on the MUC1 CD, thus priming the tail for binding by the c-Src tyrosine kinase, which leads to increased β-catenin-MUC1 CD interaction (68, 69) . Protein kinase-C δ phosphorylates the tail at the TDR site, also leading to increased β-catenin binding to the MUC1 CD (68) (69) (70) . The MUC1 CD-β-catenin complex can enter the nucleus, where it partners with TCF4 to upregulate β-catenin target genes, such as cyclin D1 (71, 72) . Not only does MUC1 stabilize β-catenin, it also binds the nuclear co-factor TCF4, preventing binding of the repressive C-terminal binding proteins to TCF4 and recruiting transcriptional co-activators such as p300 on the cyclin D1 promoter (73) . The expression of MUC1 has been linked to the Wnt target gene Cyclin D1 in a number of cancers, such as breast cancer (73), H.pylori-induced gastric cancer (71) , and PDAC (72, 74) .
The expression of MUC1 and aberrant β-catenin at the invasive front in gastric cancer and CRC has been shown to be independent predictors of poorer prognosis (75, 76) . The MUC1-β-catenin interaction is implicated in inducing invasion and EMT in breast, renal, gastric and PCs (73, 77, 78) . In PC, the seven tyrosine residues present in the MUC1 cytoplasmic tail were found to be critical for its interaction with β-catenin and mediation of EMT (78) . In mouse NIH3T3 fibroblast cells, the interaction between Galectin-3 and the N-terminal domain of MUC1 was found to trigger recruitment of β-catenin to the C-terminus of MUC1 (79) . In renal carcinoma, the MUC1-β-catenin complex has been found to directly bind the Zinc finger protein SNAI1 (SNAIL) promoter, thus triggering EMT and invasion (77, 80) . Additionally, the KL6 variant of MUC1 has been found to exacerbate metastasis of PDAC through interactions with β-catenin (81). Further, the MUC1 cytoplasmic tail has been shown to interact with APC in some breast cancer cell lines and in human metastatic breast cancer tissue (82) . Moreover, MUC1 was found to aid in the nuclear localization of β-catenin in CRC (83) . Thus, multiple lines of evidence show a direct relationship between MUC1 and EMT, metastasis and progression of various cancers.
In contrast to the aforementioned findings, in HEK293 cells, MUC1 has been implicated in suppressing the proliferation of cancer by preventing nuclear localization of β-catenin (84), thus contradicting a number of studies. The MUC1-β-catenin interaction may also promote cancer progression without necessitating the nuclear localization of β-catenin. For example, in breast cancer, the deletion of MUC1 in MMTV-Wnt-1 transgenic mice prolonged the time required for tumor formation (85) . However, the MUC1-β-catenin complex was observed in the membrane and cytosol of wild-type mice, as opposed to the nucleus. Further, the MUC1-β-catenin complex was present at the invading edge of the cell membrane connecting to the collagenous matrix; this complex co-localized with the focal adhesion proteins fascin and vinculin, thus presumably aiding in invasion and metastasis despite preventing the nuclear localization of β-catenin. Accordingly, MUC1-β-catenin interactions were found to be greatly enriched in metastatic tumors (85) .
In summary, MUC1-β-catenin interactions may either (i) promote nuclear localization of β-catenin, thereby upregulating numerous EMT-, metastasis-and proliferation-related genes or (ii) prevent nuclear localization of β-catenin by sequestering it at the membrane/cytoskeleton. It has been suggested that the relative abundance of these two proteins may determine which path is followed (84) . A recent study of PDAC observed that the MUC1-β-catenin regulation of cyclin D1 requires the presence of p120 catenin, which sequesters the transcriptional repressor Kaiso. This observation suggests that the relative abundance of various p120 isoforms determines the ability of MUC1-β-catenin to activate gene transcription (72) . Thus, while the MUC1-β-catenin interaction possesses the ability to promote EMT and metastasis, several variables such as the relative abundance of MUC1/β-catenin and the presence of requisite isoforms of as p120 catenin influence the MUC1-β-catenin dynamic.
MUC4.
While the relationship between MUC1 and β-catenin has been extensively studied, the potential relationship between β-catenin and other membrane-bound mucins, such as MUC4, is less known. In PDAC, MUC4 induces the dissociation of β-catenin from E-cadherin, by triggering lysosomal degradation of E-cadherin via HER2/Src/FAK signaling, and thereby causes nuclear localization of β-catenin (59). Gao et al. proposed that MUC4 can also inhibit nuclear localization of β-catenin in lung cancer, where MUC4 plays a protective role (86) . MUC4 may also be governed by β-catenin. For example, a recent study, using genetically ablated β-catenin by zinc finger nucleases in the PDAC cell line BXPC3, performed a subsequent microarray to demonstrate that MUC4 was one of the most significantly downregulated transcripts upon the depletion of β-catenin (Supplementary Table 3 of paper by Olson et al.) (87) . Moreover, whole-exome sequencing of a case of osteosarcoma showed that the Wnt/β-catenin pathway is an important disease driver and that MUC4 was upregulated, hinting at a regulatory relationship between β-catenin and MUC4 (88) .
A number of other studies also support the existence of a β-catenin-MUC4 regulatory relationship. A study by Hashimoto et al., which examined the role of β-catenin in developing lungs, used a lung-specific rCCSP-Cre recombinase in mice and found that when a constitutively active (exon 3-deleted) β-catenin was overexpressed, MUC4 transcript levels were significantly increased in the bronchial epithelium (89). Our MUC4-promoter analysis using the MatInspector (Genomatix) software showed the presence of 3 putative TCF/LEF binding sites (one in the proximal promoter and two in the distal promoter) in the MUC4 promoter. Additional studies conducted in our laboratory further suggest that, in PDAC, MUC4 is a direct transcriptional target of β-catenin (90) .
Overall, most studies thus far indicate that the Wnt/β-catenin pathway likely regulates the expression of MUC4. Furthermore, MUC4 may regulate nuclear localization of β-catenin through its interactions with HER2, which then triggers a cascade of signaling events that culminate in the Src-mediated phosphorylation of E-cadherin and result in the release of β-catenin from E-cadherin. However, MUC4 has also been shown to prevent the nuclear localization of β-catenin in lung cancer through a mechanism that has not yet been delineated (86) , thus contributing to a certain degree of uncertainty in the field.
MUC16.
MUC16 is a membrane-bound mucin that is upregulated in various cancers, including ovarian, pancreatic and breast cancers (91) . The first report suggesting an interaction between MUC16 and β-catenin was published by Comamala et al. in 2011;  here, MUC16 was shown to interact with β-catenin in the ovarian carcinoma cell line OVCAR3 (92) . Comamala et al. proposed that MUC16 interacts with E-cadherin and β-catenin, thus ensuring their membrane localization and preventing EMT. This co-related with the loss of MUC16 in late-stage, metastatic ovarian cancer. A study by Akita et al. focused on the interaction between the cytoplasmic tail of MUC16 and β-catenin in a colon cancer cell line, HCT116. It was determined that overexpression of the MUC16 cytoplasmic tail resulted in reduced expression of membranous E-cadherin and β-catenin. This reduced expression was attributed to the increased recruitment of Src family kinases to the membrane, which in turn caused degradation of E-cadherin and dissociation of β-catenin from E-cadherin (93) .
In 2014, Giannakouros et al. proposed that the MUC16-β-catenin complex promotes the formation of multicellular aggregates. These aggregates precede dissemination of ovarian cancer cells and the MUC16-β-catenin interaction tethers β-catenin at the membrane, preventing phosphorylation-mediated degradation of β-catenin by GSK-3β (60). Thus, while most studies indicate that the MUC16 cytoplasmic tail does indeed interact with β-catenin, the role played by the MUC16-β-catenin complex appears to be context-dependent, and either causes increased cytosolic/nuclear localization of β-catenin or prevents the nuclear localization and enhances the E-cadherin binding propensities of β-catenin.
The relationship between β-catenin in cancer and secreted-mucins MUC2, MUC5AC and MUC6
MUC2 is the most abundantly secreted mucin in the intestines, produced primarily by goblet cells (51) . Notably, unlike most colorectal carcinomas in humans, Muc2 −/− mice develop colorectal carcinomas and colitis in the absence of any other mutations (94, 95) and without aberrantly localized β-catenin. However, when Muc2 −/− mice were crossed with Apc 1638N/+ or Apc Min/+ mice in a study by Yang et al., increased tumor formation occurred in the distal colon (96) . This is unlike mice where the Apc gene alone has been mutated or lost, and tumor lesions are located primarily in the small intestine (96) . Importantly, these tumors in the distal colon showed an increase in aberrant Wnt/β-catenin signaling, which suggests that the loss of MUC2 acts in concert with Wnt/ β-catenin signaling to cause CRC (95, 96) . Because these mice also showed signs of an inflammatory response in their tumors, it was suggested that loss of MUC2 results in tumors through an inflammatory mechanism that complements activation of the Wnt pathway (96) . Interestingly, in colon carcinomas, β-catenin has also been shown to negatively regulate MUC2 expression (97) . This negative regulation of MUC2 was found to be driven by Sox9, which in turn is upregulated by β-catenin (98) . Another mechanism of down-regulation of MUC2 by β-catenin involves Hath-1, a transcription factor that is proteasomally degraded by active Wnt/β-catenin signaling (99) . Hath-1 up-regulates MUC2 expression (97) and is repressed by the Wnt/β-catenin pathway (99) . Other mechanisms such as MUC2 promoter methylation have also been shown to contribute to the MUC2 mucin loss in CRC (100). In conclusion, the loss of MUC2 plays an important role in CRC progression and the Wnt/β-catenin pathway aids in precipitating the loss of MUC2 expression. The loss of MUC2 may promote inflammatory responses which exacerbate the severity of the disease.
The gastric, gel-forming, secreted-mucin MUC5AC is aberrantly overexpressed in colorectal carcinoma (51) , PDAC (39) and in certain infections, including the infection caused by the bacterial pathogen Shigella dysenteriae (101) . Some studies suggest that β-catenin can regulate MUC5AC. It has been shown that S.dysenteriae stimulates secretion of interleukin-1β, which in turn causes Trefoil factor 3 to stimulate the Akt pathway by phosphorylating the EGF receptor (101) . The Akt pathway then potentiates the nuclear localization of β-catenin, which in turn upregulates MUC5AC (101) . In rats treated with 1, 2-dimethylhydrazine, a carcinogen, it was seen that crypts that contained aberrant localization of β-catenin showed progressively increasing levels of MUC5AC (33% immunopositivity at 8 weeks and 90% immunopositivity at 36 weeks) concurrent with progressively decreasing levels of MUC2 (102) . A study by Mucenski et al. used transgenic mice that constitutively overexpressed transcriptionally active, exon 3-deleted β-catenin, which was achieved using doxycycline-regulated Cre recombinase regulated by the lung-specific rat Clara cell secretory protein (rCCSP) promoter. Here, it was observed that mice displayed goblet cell dysplasia and increased MUC5AC expression (103) . All the aforementioned studies suggest that MUC5AC expression is likely governed by β-catenin, although the precise manner in which β-catenin regulates MUC5AC has not yet been studied.
Concurrent with findings that suggest a regulatory relationship between β-catenin and MUC5AC, it has also been found that MUC5AC can increase nuclear accumulation of β-catenin. Specifically, a study by Inaguma et al. determined that MUC5AC can prevent membranous accumulation of E-cadherin, and therefore untether β-catenin from the adherens junction complex and stimulate nuclear accumulation of β-catenin in PDAC (104) . Thus, MUC5AC expression has been reported to be governed by Wnt/β-catenin signaling in S.dysenteriae infections in the colon, and possibly also in colon cancer and in the developing lungs. On the other hand, MU5AC has also been shown to regulate β-catenin localization in PC.
The secreted-mucin MUC6, in conjunction with MUC1 and MUC2, is frequently associated with the presence of nuclear β-catenin in gastrointestinal type gastric cancer and has been proposed for a prognostic marker by Aihara et al. (105) . A separate study by Silva et al. found that patients with gastric cancer who were younger (less than or equal to 40 years old) were more likely to express MUC6, MUC5AC and MUC2, as well as β-catenin, compared to older patients (above 40 years old) (106) . However, the prognostic value of these observations remains unclear.
Conclusions and future directions
Despite the proven importance of the Wnt/β-catenin pathway and mucins in regulating neoplastic transformation and malignant growth, a number of questions remain unanswered. While the MUC1-β-catenin relationship is the most well delineated of all mucin-β-catenin relationships, the determinants or context that governs whether the MUC1-β-catenin complex enters the nucleus or remains bound to members of the cytoskeleton have not yet been identified. Notably, another transmembrane mucin, MUC16, has been shown to interact with β-catenin. While the cleavage and nuclear localization of the MUC16 cytoplasmic tail has been demonstrated (107), it is not known whether the β-catenin-bound MUC16 cytoplasmic tail can also enter the nucleus. Also, the role played by the MUC16-CT-β-catenin complex in ovarian cancer, where it prevents EMT by sequestering β-catenin at the membrane, and in colon and breast cancers, where it enhances EMT by enabling cytosolic/nuclear localization of β-catenin, is lacking sufficient explanation. A similar pattern has been observed for MUC4, where MUC4 prevents β-catenin nuclear localization in lung cancer but enhances nuclear localization in PC.
Another stream of research focuses on the regulation of mucin expression by β-catenin. This field is replete with findings reflective of the disparate roles played by the collusion of mucins and β-catenin in various malignancies. For example, the depletion of β-catenin in the Ptf1a-Cre; Kras G12D ; β-catenin f/f , as well as inhibition of β-catenin in the Ptf1a-Cre; LSL-Kras G12D ; Rosa26rtTa/+; TetO-Dkk1 mouse models of PDAC resulted in reduced overall mucin staining compared to KC (Ptf1a-Cre;Kras G12D ) mice, hinting at a regulatory β-cateninmucin relationship (36) . While this is not conclusive proof of a direct β-catenin-mucin relationship, a study that performed a microarray on β-catenin-null PDAC cells found that MUC4 was one of the top significantly down-regulated transcripts, implying that MUC4 is regulated by β-catenin (87) . Studies from our laboratory support direct β-catenin-mediated upregulation of the MUC4 transcript in PC (90) . In CRC, however, β-catenin has been shown to repress mucin expression. The β-cateninmediated repression of MUC2 in CRC occurs via Sox9 up-regulation. Additional studies from our laboratory (unpublished data) indicate that β-catenin can repress the MUC4 transcript in CRC. The reasons for this seemingly contradictory relationship could stem from differing status of MUC4 promoter methylation in these two cancers. Studies by Yamada et al. showed using the CaCo2 CRC cell line negative for MUC4 mRNA, that while the MUC4 promoter is methylated at key positions (CpG sites 108-112 in the proximal promoter), these sites are unmethylated in PDAC cell lines expressing MUC4 (108) . A repressive histone code including deacetylated Histone 3 and trimethylated K27H3 in the MUC4 5′ UTR is also present in MUC4-negative cell lines (109) . One possibility is that, given the wide disparity in the degree of Wnt/β-catenin pathway activity in PDAC and CRC (50-80% nuclear β-catenin in CRC versus 4-11% nuclear β-catenin in PDAC (5)), a different set of target genes are activated. A study by Hlubek et al. supports this possiblity. Here, it was observed that even within CRC tumors, varying degrees of nuclear β-catenin activate different target genes in the tumor center as opposed to the invasive front (110) . Another factor to consider is that while aberrant β-catenin is the driving force in CRC progression, dysregulation of β-catenin occurs at a later stage in the natural history of PDAC. Thus, a number of other mutations are at play, possibly influencing methylation of the mucin promoter and other variables that affect the β-catenin-mucin relationship. Furthermore, β-catenin regulates a number of micro-RNAs (miRNAs) in CRC (111) . Interestingly, MUC4 has also been shown to be regulated by mi-RNAs such as miR-200c, miR-219-1-3p and miR-150 (112) (113) (114) , suggesting the possibility that β-catenin may indirectly regulate MUC4 via mi-RNAs. Further studies to address the potentially disparate roles played by β-catenin vis-à-vis MUC4 in these two cancers can delineate the precise relationship between β-catenin and MUC4. Like the apparent differential regulation of MUC4 by β-catenin in CRC and PDAC, other mucins such as MUC5AC are possibly differentially regulated by Wnt/β-catenin, highlighting the context-dependent nature of interactions between β-catenin and mucins.
The apparent discordance between mucin-β-catenin relationships in PDAC and CRC could be due to the distinct functions of secretory and membrane bound mucins in normal and cancerous conditions. The normal adult gastrointestinal system is characterized by specific levels of secretory and transmembrane mucins in every tract/organ. For instance, MUC2 is the predominant secretory mucin in the intestine, while MUC5AC is highly preponderant in the stomach (115) . The outer, loose layer of MUC2 harbors the intestinal microflora, while the dense inner MUC2 layer protects the colonic epithelium from microbial assault (115) . Transmembrane mucins such as MUC1, MUC3, MUC17, MUC12 and MUC4 form the protective glycocalyx while also participating in cell signaling events, although their functions in normal conditions are not as well studied (115) . The variable lengths of the extracellular portions of each mucin form a multi-tiered barrier to pathogen invasion (116) . This delicate balance between the levels and functions of transmembrane and secreted mucins is disrupted in cancer. In conjunction with varying degrees of aberrant β-catenin signaling, it is likely that each transmembrane and secretory mucin plays a highly 
MUC6
Secreted, gel forming Gastric cancer Expression frequently associated with nuclear β-catenin; co-expression is prognostic marker (105, 106) context-dependent role in cancer, based on its expression and role in the normal tissue. Figure 2 and Table 1 summarize the relationship between the Wnt/β-catenin pathway and mucins. Notably, the cytoplasmic tails of MUC1 and MUC16 have been shown to interact with β-catenin. In both instances, the mucin-β-catenin complexes can either promote or repress tumor progression. The MUC1 cytoplasmic tail-β-catenin complex, in particular, plays an important role in various cancers. Likewise, in PDAC and lung cancer, MUC4 has been shown to affect β-catenin localization. In colorectal and PC, the Wnt/β-catenin pathway, on the other hand, can also regulate expression of MUC5AC, MUC2 and MUC4. Thus, mucins and the Wnt/β-catenin pathway have an intricate, mutually regulatory relationship that often culminates in cancer progression. As mentioned earlier, further studies are needed to determine the factors governing β-catenin-MUC1 mucin nuclear localization as well as the individual roles played by β-catenin-mucin complexes in different cancers. While it is apparent that β-catenin can govern mucin expression, both indirectly (i.e. MUC2 in CRC) and directly (i.e. MUC4 in PC), future studies are needed to explain the seemingly conflicting nature of the β-catenin-mucin relationship in various malignancies.
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